Ethylene perception is regulated by receptors, and the downstream protein CONSTITUTIVE TRIPLE RESPONSE1 is a key suppressor of ethylene signalling. The non-conserved tomato (Solanum lycopersicum) microRNA1917 (SlymiR1917) mediates degradation of SlCTR4 splice variants (SlCTR4sv) but the molecular details of this pathway remain unknown. Sly-miR1917 and the targeted SlCTR4sv are ubiquitously expressed in all tomato organs. Overexpression of Sly-miR1917 enhances ethylene responses, including the triple response in etiolated seedlings, in the absence of ethylene, as well as epinastic petiole growth, accelerated pedicel abscission, and fruit ripening. Enhanced ethylene signalling in Sly-miR1917-overexpressing plants (1917-OE) is accompanied by up-regulation of ethylene biosynthesis and signalling genes, and increased ethylene emission. These phenotypes were recovered by repressing the positive ethylene regulator EIN2. Moreover, the Sly-miR1917-targeted SlCTR4 splice variant SlCTR4sv3, expressed specifically in the abscission zone, exhibited the opposite expression pattern to Sly-miR1917. Complementation of the Arabidopsis thaliana ctr-1 mutant and yeast two-hybrid and bimolecular fluorescence complementation assays suggested that SlCTR4sv3 functions in ethylene signalling. Co-expression of Sly-miR1917 and SlCTR4sv3 in Nicotiana benthamiana further suggested that Sly-miR1917 cleaves SlCTR4sv3 in vivo. Database homology searching revealed a Solanum tuberosum CTR-like splice variant containing a Sly-miR1917 binding sequence, and a homologue of mature SlymiR1917 in potato, indicating a conserved function for miR1917 and the regulatory miRNA-mediated ethylene network in solanaceous species.
Introduction
The gaseous phytohormone, ethylene, plays important roles in many aspects of plant growth and development, including organ senescence, abscission, and fruit ripening (Abeles et al., 1992; Bleecker and Kende, 2000) . Plants have evolved systems that mediate finely tuned responses to ethylene, and forward and reverse genetic studies have revealed many of the complex molecular events underlying ethylene synthesis, perception, and signalling (Alonso et al., 1999; Chao et al., 1997; Gagne et al., 2002; Hua and Meyerowitz, 1998) . Mechanisms regulating these systems include post-translational modifications such as methylation, acetylation, phosphorylation, glycosylation, and ubiquitination, together with distinct layers of transcriptional control such as alternative splicing and feedback regulatory circuitry (Adams-Phillips et al., 2004; Binder et al., 2007; Gapper et al., 2013; Ma et al., 2006; Zhou et al., 2005) . However, many aspects of the mechanisms regulating diverse ethylene-mediated responses remain to be elucidated.
Alternative splicing (AS) in higher eukaryotes involves the removal of introns or the joining of exons in primary transcripts to generate multiple mRNA isoforms from a single gene, thereby increasing transcriptome and proteome diversity. AS plays crucial roles in phytohormone regulation (Chung et al., 2010; Matsukura et al., 2010; Staiger and Brown, 2013) and various other processes. AS of the auxin biosynthesis gene YUCCA4 results in different subcellular localization of the resulting YUCCA protein isoforms and tissue-specific expression of YUCCA4 transcripts (Kriechbaumer et al., 2012) . In addition, genome-wide assays revealed that at least one-third of auxin response factor (ARF) genes in tomato (Solanum lycopersicum) undergo AS, and splice variants of tomato ARF8 play an important role in fruit parthenocarpy (Goetz et al., 2007; Zouine et al., 2014) . Moreover, AS affects RNA stability through a nonsense-mediated mRNA decay (NMD) mechanism, which prevents synthesis of truncated proteins when a premature termination codon is introduced into the upstream open reading frame (ORF) (Kalyna et al., 2012) . Splicing variants also have the potential to lose or gain microRNA (miRNA) binding sites (Yang et al., 2012) . In plants, miRNAs primarily act as negative regulators through degradation of their targets, owing to the high degree of sequence complementarity between target sites in target mRNAs and miRNAs, especially in the coding region (Karlova et al., 2013; Liu et al., 2014) , as well in the 5ʹ untranslated region (UTR) (Allen et al., 2005) or 3ʹ UTR of targets (Ni et al., 2013; Wang, 2014; Xu et al., 2014) .
The current ethylene signalling model is based on ethylene response mutants in Arabidopsis thaliana. The basic linear pathway starts with an ethylene receptor-triggered signal, which is transduced via CTR1 and EIN2 to nuclear-localized EIN3/EIL transcriptional regulators. CTR1 shares high similarity with the Raf protein kinase family of mitogenactivated protein kinase kinase kinases (Hahn and Harter, 2009; Kieber et al., 1993) . The constitutive triple-response phenotype of loss-of-function ctr1 alleles revealed that kinase activity is required for negative regulation of the CTR1 protein (Huang et al., 2003; Mayerhofer et al., 2012) . CTR1 is represented by a single gene in the A. thaliana genome, but in tomato a family of four CTR1-like genes (SlCTR1-4) have been identified (Adams-Phillips et al., 2004) , each exhibiting similar but distinct expression patterns during growth and development. Silencing of SlCTR1 expression using virus-induced gene silencing (VIGS) resulted in dwarf growth and promoted ripening (Fu et al., 2005; Liu et al., 2002) . Overexpression of the N-terminus of SlCTR2 in tomato resulted in altered growth, enhanced ethylene responses, and increased susceptibility to the fungal pathogen Botrytis cinerea (Lin et al., 2008a) . Ectopic overexpression of SlCTRs in Arabidopsis ctr1-8 mutants complemented these phenotypes to varying degrees (Adams-Phillips et al., 2004) . SlCTR4 has complex AS expression patterns, and its products usually contain miRNA binding sites (MBS) for the miRNA Sly-miR1917, a 21-nucleotide (nt) intergenic miRNA that is excised from a 131-nt hairpin RNA precursor transcribed by its own promoter. Sly-miR1917, present in tomato fruits and pedicels, targets the SlCTR4sv1 and SlCTR4sv2 splice variants of SlCTR4 (Moxon et al., 2008; Xu et al., 2015) . These splice variants likely have distinct functions, since SlCTR4sv1 cannot complement the ctr1-8 phenotype (Adams-Phillips et al., 2004) . However, the function of Sly-miR1917 in growth and development is still unknown.
In the present study, we characterized the expression patterns of Sly-miR1917 and its targets during tomato growth and development. Phenotypes of 1917-OE and VIGS-EIN2 transgenic lines indicated that Sly-miR1917 mediates ethylene signalling through SlCTR4sv. The novel SlCTR4 splice variant SlCTR4sv3 was identified and found to have the opposite expression pattern to Sly-miR1917 during abscission, while complementation experiments in A. thaliana and a yeast two-hybrid (Y2H) assay confirmed that SlCTR4sv3 functions in ethylene signalling. Transient overexpression of SlCTR4sv3 induced Sly-miR1917 accumulation, and this feedback regulation is consistent with Sly-miR1917 playing an important role in the ethylene response in cells and tissues. Furthermore, a global BLAST search across 21 species found a splice variant of CTR-like targeted by Sly-miR1917, and a homologue of mature Sly-miR1917 in potato was identified experimentally. This regulatory mechanism indicates a more complex ethylene signalling pathway in tomato and potato than in A. thaliana, and suggests a new means by which to mediate ethylene responses in solanaceous species through the regulation of CTR transcripts using artificial miRNAs.
Materials and methods

Plant materials and growth conditions
Transgenic tomato (S. lycopersicum) was generated from the wildtype (WT) cultivar Zhongshu 6. Seeds of the jointless mutant and Gardener background genotype were obtained from the Tomato Genetics Resource Center (TGRC, http://tgrc.ucdavis.edu). Tomato plants were grown in soil for 45 days in a greenhouse (25 ± 3 °C day, 15 ± 3 °C night) under natural light. A. thaliana ctr1-1 mutant seeds in the Columbia background were obtained from The Arabidopsis Information Resource (TAIR, http://www.arabidopsis.org/index. jsp) and grown in a growth chamber under 16 h light/8 h dark conditions at 22 °C.
Seedling triple response assays were performed as previously described (Tieman et al., 2001) . Tomato and A. thaliana seeds were plated on 0.5 Murashige and Skoog solid medium (Murashige and Skoog, 1962) and grown in darkness in the presence or absence of 1-aminocyclopropane-1-carboxylic acid (ACC) (1 or 20 μM) and 1-methylcyclopropene (1-MCP) (2 μl l -1 ) for 12 days. Solanum tuberosum cultivar Favorita was used, and in vitro plantlets were propagated from single node sections in Murashige and Skoog medium. For the tomato leaf petiole curvature test, tomato plants were treated in a 40 × 25 × 20 cm 3 glass container by injecting with ethylene to a final concentration of 50 μl l -1 at 25 °C for 16 h. The cumulative abscission rates of tomato pedicels were determined as described by Wang et al. (2005) .
Plasmid construction and plant transformation
To overexpress Sly-miR1917, a synthetic pre-MIR1917 oligonucleoti de (TTTTAGCGGCATTAAATATTGACATTAATAAAGAGTG
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GCCGCTAAAA) (Invitrogen, Carlsbad, CA, USA) was cloned into the Gateway binary vector pB7WG2D driven by the CaMV 35S promoter fused to enhanced green fluorescent protein (eGFP) (Lee et al., 2011) . For SlCTR4sv3 transient overexpression and reporter assays, the full-length SlCTR4sv3 cDNA was first amplified using gene-specific primers. To generate a Sly-miR1917-resistant CTR4sv3 mutant (mSlCTR4sv3), mutations were inserted into the Sly-miR1917 MBS of SlCTR4sv3 using the MutanBEST Kit (TaKaRa, Tokyo, Japan) and assembly PCR primers. Fragments of the 3ʹ UTR SlCTR4sv3 and mSlCTR4sv3 sequences were cloned into the pENTR/D-TOPO vector (Invitrogen) using BP clonase (Invitrogen) and then into the binary vector pB7YWG2 containing the enhanced yellow fluorescent protein (eYFP) tag (Karimi et al., 2002) , using LR clonase (Invitrogen) to generate pB7YWG2-3ʹ UTR (SlCTR4sv3/mSlCTR4sv3)-eYFP. All primers used are listed in Supplementary Table S1 at JXB online.
The plant transformation vectors 35S::Sly-miR1917, 35S::SlCTR4sv3 and 35S::mSlCTR4sv3 were introduced into Agrobacterium tumefaciens LBA4404 cells by electroporation, and separately transformed into WT tomato and the A. thaliana ctr1-1 mutant as previously described (Shah et al., 2010; Zhang et al., 2006) . Two-week-old plants were sprayed with 250 mg l -1 Basta solution at least twice at 2-to 3-day intervals and confirmed by PCR. The probe for the partial Bar gene used for Southern blotting was amplified from the pB7WG2D vector with forward primer 5ʹ-GCCCGGTCGATCTAGTAACA-3ʹ and reverse primer 5ʹ-ACCGAAATCTGATGACCCCT-3ʹ, then labelled with a digoxigenin (DIG) DNA labelling kit (Roche, Mannheim, Germany). Genomic DNA from leaves of WT and transgenic plants was digested by HindIII and hybridized with the DIG-labelled Bar probe. T1 and the corresponding T2 transformants derived from transformants were used for subsequent experiments. All primers used are listed in Supplementary Table S1 .
Total RNA extraction and quantitative RT-PCR analysis
Total RNA was extracted from various tomato tissues using TRIzol reagent (Invitrogen) and treated with recombinant DNase I (TaKaRa), according to the manufacturer's instructions. DNase I-treated RNA (2 μg) was used to synthesize first-strand cDNA with an oligo(dT) or Sly-miR1917 stem-loop primer and reverse transcriptase (TaKaRa).
Real-time RT-PCR was performed using an Applied Biosystems 7500 instrument (Applied Biosystems). For miRNA detection, 2.5 μl of cDNA template was mixed with SYBR SuperReal PreMix plus (TIANGEN, Beijing, China), and specific primers to a final volume of 25 μl. Amplification conditions were as described in Feng et al. (2009) . For mRNA and SlCTR4sv3 detection, amplification reactions and conditions were set according to the manufacturer's protocols for SYBR and TaqMan SuperReal PreMix plus. U6 snRNA (NCBI: NR_138085.1) was used as an internal control for small RNA, and actin (NCBI: NM_001330119.1) and β-tubulin (NCBI: NM_001247878.2) were used as controls for mRNA. Semiquantitative RT-PCR of SlCTR4sv transcripts was performed in a Veriti 96-well Thermal Cycler (Applied Biosystems, Foster City, CA, USA) in 25 μl reactions containing 200 nM of each primer and 12.5 μl of Premix Taq (TaKaRa), and amplified for 24 (actin, β-tubulin) or 27 (SlCTR4sv) cycles. PCR products were electrophoresed on 1.0% (w/v) agarose gels, then detected using a GelDoc XR (Bio-Rad, Hercules, CA, USA), and analysed with Quantity One software (Bio-Rad). All PCR experiments were performed in three technical replicates for each of three biological samples. The probe sequence and all primers used are listed in Supplementary  Table S1 .
Measurement of ethylene emission
Four-leaf-old tomato plants were placed in a 1400 ml glass jar and completely sealed. After 2 h, 1 ml of gas was extracted with a syringe and analysed using gas chromatography (GC, Pye Unicam, http://unicam.co.uk) as previously described (Smith et al., 1986) . The ethylene production rate was measured using a GC-3800 GC instrument (Varian) equipped with a flame ionization detector and a GDX-102 column (3 m×2 mm internal diameter; Dalian Institute of Chemical Physics, China) at 100 °C, with 20 ml min -1 nitrogen as a carrier gas. Injector and detector temperatures were 250 °C and 120 °C, respectively.
VIGS
A 568 bp EIN2 (GenBank: AY566238.2) fragment was cloned into the pGEM-T vector system II (Promega, Madison, WI, USA) and verified by sequencing. The EcoRI restriction enzyme was used to insert the fragment into the single EcoRI restriction site of the tobacco rattle virus pTRV2 vector (Jiang et al., 2011) . A mixed culture of A. tumefaciens strain GV3101 containing the pTRV1 and pTRV2-EIN2 vector was used for VIGS inoculation as described by Jiang et al. (2011) . All primers used are listed in Supplementary Table S1 .
5ʹ RACE, 3ʹ RACE, and PPM-RACE 5ʹ and 3ʹ rapid amplification of cDNA ends (RACE) were performed to amplify transcripts containing the Sly-miR1917 MBS using a GeneRacer Kit (Invitrogen). 5ʹ RACE was carried out with an initial combination of primer GSP1 and GeneRacer 5ʹ outer primer, followed by nested PCR with primer GSP2 and GeneRacer 5ʹ inner primer. 3ʹ RACE was carried out with primers GSP3, GSP4 complementary to the unique fragment, and GeneRacer 3ʹ inner and outer primers. Poly(A) polymerase-mediated (PPM)-RACE was employed to map the miR1917 cleavage sites on SlCTR4sv3 mRNA as previously described (Wang and Fang, 2015) .
Phylogenetic analysis
A BLASTp search was performed with the predicted amino acid sequence of SlCTR4sv3 against the NCBI database (http://www. ncbi.nlm.nih.gov). Phylogenetic analysis of CTR protein sequences from various species was performed using MEGA5 software with the neighbour-joining method (Tamura et al., 2011) . Support for each node was obtained from 1000 bootstrap replicates (values shown when >50%).
Y2H assay
The EIN2 and CTR4s Y2H assay was performed with the Matchmaker Gold Yeast Two-Hybrid System (TaKaRa). The EIN2 hydrophilic domain (residues 463-1316) was cloned into the pGADT7 bait vector. The putative downstream kinase domains of CTR4/CTR4sv2 (residues 535-793) and CTR4sv3 (residues 535-792) were cloned into the pGBKT7 prey vector. All plasmids were transformed into the Y2HGold strain and resulting transformants were grown on SD/-Leu/-Trp (DDO) media containing X-α-Gal and aureobasidin A. Positive colonies were re-streaked and screened on higher-stringency SD/-Ade/-His/-Leu/-Trp (QDO) media containing X-α-Gal and aureobasidin A. Primers used are listed in Supplementary Table S1 .
Bimolecular fluorescence complementation assay
The pCambia1300 vector was used to construct bimolecular fluorescence complementation (BiFC) vectors, which contained the N-or C-terminal region of YFP (nYFP-or cYFP-fusion) (Huang et al., 2013) . Full-length coding sequences of SlCTR4/ SlCTR4sv3 without a stop codon were cloned into pCambia1300-nYFP vectors to generate pCambia1300-35S-SlCTR4/ SlCTR4SV3-YFPN, whereas full-length coding sequences of SlEIN2 without a stop codon and without a signal peptide were cloned into pCambia1300-YFPC to generate pCambia1300-35S-SlEIN2-cYFP. Constructs were transformed into A. tumefaciens GV3101 and co-infiltrated into N. benthamiana leaves (Schütze et al., 2009) . At 3 days after infiltration, YFP fluorescence was monitored at an excitation wavelength of 514 nm and emission bandwidth of 518-590 nm using a Leica TCS-SP8 confocal microscope.
In situ hybridization Floral pedicel explants from WT plants were fixed in 4% paraformaldehyde/phosphate-buffered saline solution, dehydrated in an ethanol gradient, cleared with xylene, embedded in Paraplast Plus (Leica), and sectioned into 9 μm slices using a microtome (Leica). In situ hybridization analysis of Sly-miR1917 and SlCTR4sv3 was performed as previously described (Hejátko et al., 2006; Javelle and Timmermans, 2012) . Antisense and sense RNA probes were generated with the DIG Oligonucleotide 3ʹ-End Labelling Kit (Roche). Probes for SlCTR4sv3 were 194 bp (from 2489 to 2682 bp), including the unique region. DIG-labelled locked nucleic acid probes with sequences complementary to miR1917 (5ʹ-ATTAATAAAGAGTGCTAAAGT-3ʹ) and a negative control (scrambled-miR, 5ʹ-GTGTAACACGTCTATACGCCCA-3ʹ) were synthesized by Exiqon (http://www.exiqon.com/).
Transient expression using agroinfiltration
For co-expression of Sly-miR1917 and SlCTR4sv3, overnightcultured A. tumefaciens (strain GV3101) cells harbouring pre-MIR1917 or SlCTR4sv3 3ʹ UTR fragments were resuspended in inoculation buffer (10 mM MgCl 2 , 10 mM methanesulfonate, 200 μM acetosyringone) to a final absorbance at 600 nm (OD 600 ) of 0.5, then mixed 2:1 (v:v) before infiltration into 3-week-old N. benthamiana leaves. At 3 days post-infiltration, YFP fluorescence was monitored using a Leica TCS-SP8 confocal microscope, and SlCTR4sv3 expression levels were detected using a Taqman probe. For transient overexpression of SlCTR4sv3, the culture concentration of A. tumefaciens carrying 35S::SlCTR4sv3 and 35S::mSlCTR4sv3 was adjusted to OD 600 =1.0, and infiltrated into leaves of 3-week-old WT tomato.
Results
Expression patterns of Sly-miR1917 and targeted SlCTR4sv in tomato tissues miR1917 was initially thought to be a non-conserved miRNA, and was reported for the first time in a deep sequencing study of tomato fruit small RNAs, in which 5ʹ RNA ligase-mediated RACE revealed that Sly-miR1917 cleaves SlCTR4sv1 and SlCTR4sv2, two CTR4 splice variants (Moxon et al., 2008) . In a previous study, we also detected miR1917 and degradation of its SlCTR4sv targets in tomato pedicels (Xu et al., 2015) .
To determine the sites of activity of the Sly-miR1917-targeted SlCTR4sv, we examined their expression levels by real-time RT-PCR with a pair of universal primers designed to target sequences containing the Sly-miR1917 MBS. We observed ubiquitous expression of SlCTR4sv in tomato organs (Fig. 1A) , with higher transcript levels in roots and leaves, and lower levels in flowers and fruits. Sly-miR1917 was highly expressed in fruits, leaves, and stems. When detailed expression patterns of Sly-miR1917 and the targeted SlCTR4sv were further examined in different floral parts and fruit ripening stages, the latter accumulated to high levels in sepals and pistils, while Sly-miR1917 was more highly expressed in sepals and stamens (Fig. 1B) . The abundance of SlCTR4sv transcripts decreased during fruit development and remained at a steady level during fruit ripening (Fig. 1C) . By contrast, Sly-miR1917 expression increased during fruit maturation and ripening, and showed a slight decrease in red ripe fruit. The ethylene-sensitive abscission zone (AZ) is a specialized part of the pedicel distinct from the adjacent non-abscission zone (NAZ), which is ethylene insensitive. Compared with WT, SlCTR4sv transcripts were less abundant and Sly-miR1917 was more highly expressed in the jointless mutant, which has a characteristic loss of floral AZ phenotype (Mao et al., 2000) (Fig. 1D) . Similar expression levels were observed in the AZ and NAZ of WT pedicels (Fig. 1E) . In general, a negative correlation between the expression patterns of SlCTR4sv and Sly-miR1917 was observed during tomato plant growth, abscission, and ripening.
Overexpression of Sly-miR1917 enhances ethylene responses
To investigate the function of Sly-miR1917 during growth and development, transgenic tomato plants overexpressing the Sly-miR1917 precursor under the control of the CaMV 35S promoter were generated. Primary transformed (T0) plants were screened using PCR and Southern blotting of their genomic DNA. T1 progeny from self-fertilized seeds of three selected T0 plants (lines 1, 2, and 4) were screened using selection for resistance to the herbicide glyphosate, and transgenic adult plants were confirmed by DNA and RNA analysis. Among six independent T1 transgenic lines, the relative expression level of Sly-miR1917 was 1.8-8.2-fold higher than that in WT, and as expected, transcript levels of SlCTR4sv targets were significantly lower than in WT ( Supplementary Fig. S1A ). The two 1917-OE lines with the highest expression of Sly-miR1917 (lines 1-11 and 4-20) were selected for further functional analysis.
A typical ctr mutant phenotype is a constitutive triple response in etiolated seedlings (Guzmán and Ecker, 1990) . After 2 weeks of growth in the dark, etiolated 1917-OE seedlings had thicker and shorter hypocotyls compared with WT plants, as well as reduced root elongation ( Fig. 2A) . Hypocotyl elongation in the 1917-OE 1-11 and 4-20 lines was 45% and 43% of WT, respectively, while root elongation was 46% and 51% (P<0.01) that of WT plants (Fig. 2B, C) . We further investigated the response of the 1917-OE and WT seedlings to the ethylene precursor ACC and the ethylene inhibitor 1-MCP. The triple-response phenotype was enhanced in WT seedlings when grown in the presence of 1 μM or 20 μM ACC. 1-MCP at 2 μl l -1 alleviated the effects of 20 μM ACC on seedlings of both WT and the 1917-OE lines, but the recovery of hypocotyl elongation after 1-MCP treatment was weaker in the overexpressors than in WT plants ( Fig. 2A-C) . Finally, an expression assay indicated that transcription of Sly-miR1917 was significantly induced by 20 μM ACC treatment in both WT and 1917-OE lines (Fig. 2D, E) .
Another obvious phenotype of the 1917-OE lines was leaf epinasty (Hua and Meyerowitz, 1998) . Under normal conditions, the downward-curved angle of fully expanded leaves at the fifth and sixth nodes of WT plants was 40°, compared with 57.5° and 55.7° in the 1917-OE 1-11 and 4-20 lines, respectively (Fig. 2F ). After treatment with 50 μl l -1 ethylene for 16 h, the leaf angle increased in both WT and the 1917-OE lines, and there was no significant difference between the phenotypes.
Rapid abscission is another canonical ethylene response, although it is controlled by both auxin-and ethylenemediated signals (Brown, 1997) . Overexpression of SlymiR1917 significantly accelerated pedicel abscission: both the 1917-OE lines reached 100% abscission at 18 h, while this occurred at 32 h in WT plants (Fig. 2G) . To further characterize the function of Sly-miR1917 in pedicel abscission, expression of a set of known abscission-related genes was examined by quantitative RT-PCR (qRT-PCR) in the 1917-OE pedicels at 4 h after flower removal, a key time point at which the AZ becomes sensitive to ethylene and abscission capacity is acquired (Meir et al., 2010) . Specifically, expression of two abscission-related polygalacturonase (TAPG) genes, two cellulase (Cel) genes, and the abscission stage marker α-DOX were investigated (Agustí et al., 2008) . We observed that the transcript levels of TAPG1, TAPG4, Cel1, Cel5, and α-DOX1.2 were significantly up-regulated in the 1917-OE lines (Supplementary Fig. S1B ).
A tissue-specific expression assay showed that Sly-miR1917 was expressed at relatively high levels during fruit ripening. Fruit from transgenic and WT plants was harvested at the mature green (MG) stage (1917-OE fruit reached the red ripe stage about 3−4 days earlier than WT) (Fig. 2H) . In addition, expression of several genes involved in fruit ripening was analysed in MG to MG+7 day fruits, including RIPENING INHIBITOR (RIN), NON-RIPENING (NOR), COLORLESS NON-RIPENING (CNR), PG2A, the transcription factor APETALA2 (AP2a), and PHYTOENE SYNTHASE 1 (PSY1) (Giovannoni, 2004) . Expression levels of all these genes were higher in the 1917-OE lines at both stages ( Supplementary Fig. S1C ), correlating with the accelerated ripening in the transgenic lines.
1917-OE lines exhibit enhanced ethylene responses and increased ethylene production
To determine whether the 1917-OE phenotypes were associated with altered ethylene signalling, expression levels of components acting downstream of CTR genes and ethylene biosynthesis genes (Cara and Giovannoni, 2008) were measured in fruit at MG+3 days. Transcript levels of EIN2, EIL3, EIL4, ERF1, and ERF2 were significantly higher in the 1917-OE lines than in WT plants (Fig. 3A) . Furthermore, overexpression of Sly-miR1917 caused significant up-regulation of the ethylene biosynthesis genes ACS2, ACS4, ACO1, and ACO3 (Fig. 3B) , which are indirectly or directly targeted by the transcription factors RIN and ERF2 (Martel et al., 2011; Zhang et al., 2009) . This indicates positive feedback of ethylene production in the 1917-OE lines due to enhanced ethylene responses, consistent with the fact that ethylene emission from MG+3 to MG+10 fruits was higher in the 1917-OE lines than in WT plants (Fig. 3C) .
We pTRV1+pTRV2-EIN2 inhibited fruit ripening and pedicel abscission in the 1917-OE lines, with values approaching those in WT plants (Fig. 4A, B) . These results support the hypothesis that Sly-miR1917 modifies ethylene responses by modulating the expression levels of its target SlCTR4sv. We also performed relative expression analysis of Sly-miR1917 and SlCTR4sv in VIGS-EIN2 1917-OE lines. Our results showed that repressing the expression of EIN2 significantly down-regulated Sly-miR1917 transcripts, which increased SlCTR4sv expression to a level close to that in WT plants (Fig. 4C, D) . These results further support the existence of positive feedback from events occurring downstream.
Amplification and sequence analysis of Sly-miR1917 targeted full-length SlCTR4sv in tomato pedicels
After revealing the tissue-specific expression of Sly-miR1917 in tomato pedicels and accelerated abscission in the 1917-OE lines, we sought to elucidate its role during pedicel abscission. To do this, we identified SlCTR4sv targets using specific primers. Besides SlCTR4sv1 and SlCTR4sv2, a novel splice variant of miR1917-targeted SlCTR4 was identified, which we named SlCTR4sv3. SlCTR4sv3 contains a unique 78 bp fragment (GTATGTTGCTCCTATTCTTACCAAG UTR. Differences in the ORF of SlCTR4 transcripts result in entirely different isoforms, and retention of the MBS leads to post-transcriptional repression by Sly-miR1917. As shown in Fig. 5A , the annotated SlCTR4 gene on tomato chromosome 10 contains 16 exons and 15 introns. Alternative 3ʹ splice sites in exons 6 and 16 generate SlCTR4sv1, which produces a truncated protein lacking the Pkinase_Tyr domain at the carboxyl terminus owing to the introduction of a premature translation termination codon (TAA). This makes it a potential target for the NMD mechanism. SlCTR4sv2, which is derived from an alternative 3ʹ splice site in exon 16, differs from SlCTR4 in the 3ʹ UTR and from SlCTR4sv1 in the ORF, meaning that SlCTR4sv2 contains the Sly-miR1917 MBS but the isoform it encodes is consistent with the SlCTR4 protein.
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Because of the retention of introns 15 and 16, SlCTR4sv3 possesses a Sly-miR1917 binding site and encodes a putative protein of 791 amino acids with a molecular mass of 91.7 kDa. PPM-RACE was employed for target validation on SlCTR4sv3 (Supplementary Fig. S2) . Analysis of the protein structure suggested that CTR family conserved domains, including the ATP binding site and Ser/Thr kinase domain, are present in the predicted SlCTR4sv3 protein.
Phylogenetic analysis showed that SlCTR4sv3 is most similar to SlCTR4, SlCTR4sv1, and CTR1 isoforms from the wild tomato relative S. pennellii, S. tuberosum, and pepper (Capsicum annuum) (Fig. 5B) .
Expression pattern of Sly-miR1917 and its
SlCTR4sv1-3 targets during tomato pedicel abscission
To elucidate the relationship between Sly-miR1917 and its three targets during pedicel abscission, the relative expression level of Sly-miR1917 was assessed by qRT-PCR, and primers amplifying the different SlCTR4 splice variants were used in a semi-quantitative analysis. In the AZ, Sly-miR1917 expression decreased slightly at 2 h after flower removal, then remained steady at this lower level until 24 h. A similar pattern, but with higher transcript levels, was observed in the NAZ (Fig. 5C ). Three splice variants of SlCTR4 were detected in the pedicel AZ, each displaying a unique expression pattern. Expression of SlCTR4sv1 was detected only in the early abscission stage (at 0, 1, and 4 h), only at low levels, and transcript levels were higher in the NAZ than in the AZ (Fig. 5C) . SlCTR4sv2 was the predominant AS transcript in the AZ, but expression was decreased at 2 h, then increased until 24 h. SlCTR4sv2 was expressed stably at high levels in the NAZ. Notably, SlCTR4sv3 showed low expression in the AZ, but high expression at 2 h after flower removal, before decreasing to low levels at 8 h, then increasing again until it became the major AS transcript at 24 h (Fig. 5C) .
In order to identify transcripts decreased by Sly-miR1917 during pedicel abscission, we investigated the correlation between the expression levels of Sly-miR1917 and the SlCTR4sv targets. Commonly used correlation analyses did not work owing to poor linearity (Pearson correlation) or sensitivity to small variations (Spearman correlation, Kendall τ) (Supplementary Table S2 ); therefore, a rule-based similarity agreement proposed by Lopez-Gomollon et al. (2012) was used. First, the difference in values of each set of two consecutive time points (i, i+1) or arbitrary (i, j), j>i values were calculated, and variation trends were described with three characters, U (up), D (down), and S (straight). We assigned the U/D/S series back to a numerical series and produced simplified expression profiles of Sly-miR1917 and the SlCTR4sv1-3 variants ( Supplementary  Fig. S3 ). Finally, Kendall τ-consecutive and τ-trend correlation analyses were performed (Supplementary Table S3 ). We found no correlation between the expression patterns of SlCTR4sv1 and Sly-miR1917, and a positive correlation between SlCTR4sv2 and Sly-miR1917; only SlCTR4sv3 showed a negative correlation with Sly-miR1917 (Table 1) .
To obtain further insight into the tissue-specific expression of Sly-miR1917 and SlCTR4sv3 in tomato pedicels, we used in situ hybridization. At 2 h after flower removal, SlCTR4sv3 expression was detected in vascular bundles and adjacent cells, while expression of Sly-miR1917 was observed in the cortex and central parenchyma, but not in vascular bundles or the surrounding areas (Fig. 5D ).
Sly-miR1917 directly cleaves SlCTR4sv3 mRNA, and higher SlCTR4sv3 transcript levels cause positive feedback regulation of Sly-miR1917 expression
The abundance of SlCTR4sv3 transcripts in various tomato organs was quantified by real-time RT-PCR. SlCTR4sv3 was expressed at relatively high levels in tomato leaves, pedicels, flowers, and immature fruits, compared with seedlings and stems, and it was barely detected in roots and mature fruits (Fig. 6A) .
To examine the function of SlCTR4sv3, we constitutively overexpressed the gene in the A. thaliana ctr1-1 mutant (generating SlCTR4sv3-OE lines) and performed a Y2H assay to examine the interaction between SlCTR4sv3 and SlEIN2. As shown in Supplementary Fig. S4 , overexpression of SlCTR4sv3 partly restored the inhibited etiolated seedling growth, as was previously reported for SlCTR4 (Adams-Phillips et al., 2004) . In A. thaliana, the ethylene signalling transmitter CTR1 interacts with the C-terminal domain of the downstream EIN2 protein (Ju et al., 2012) . In this study, as was the case with SlCTR4, we observed that SlCTR4sv3 interacted with SlEIN2 in yeast cells (Fig. 6B) . Furthermore, this interaction was verified by BiFC assay (Fig. 6C) .
To obtain direct evidence that Sly-miR1917 targets SlCTR4sv3 mRNA, we performed transient co-expression assays in N. benthamiana leaves by infiltrating them with A. tumefaciens strain GV3101 harbouring pre-miR1917 and SlCTR4sv3 fused to the YFP reporter gene under the control of the 35S promoter. Two versions of the SlCTR4sv3-YFP plasmid were constructed for this experiment: one with the native 3ʹ UTR, and one with six mutations introduced into the Sly-miR1917 MBS (Fig. 6D) . SlCTR4sv3 co-expressed with an empty vector was used as a negative control. The YFP signal from the expression of native SlCTR4sv3 was abolished when co-expressed with Sly-miR1917, and fluorescence from SlCTR4sv3 mut -YFP was not affected in Sly-miR1917-expressing leaf tissues (Fig. 6E ). When the relative expression level of SlCTR4sv3 was examined by real-time RT-PCR, it was found to be significantly reduced by co-expression with pre-miR1917, while the signal from constructs carrying SlCTR4sv3 mut showed no obvious alteration when Sly-miR1917 was present (Fig. 6F) .
Full-length native and cleavage-resistant versions of SlCTR4sv3 were transiently overexpressed in leaves of 3-weekold tomato plants. qRT-PCR analysis showed that expression of SlCTR4sv3 in SlCTR4sv3-OE leaves was approximately 2.9-fold higher than in WT leaves, while mSlCTR4sv3-OE leaves had 8.2-fold higher levels of SlCTR4sv3 transcripts than WT leaves (Fig. 6G) . In addition, Sly-miR1917 transcript levels were significantly elevated in mSlCTR4sv3-OE and SlCTR4sv3-OE leaves, and expression was much higher in mSlCTR4sv3-OE leaves (Fig. 6G) . The increased expression of SlCTR4sv3 in turn induced Sly-miR1917 accumulation in a dose-dependent manner. Correlations of expression profiles (semi-quantitative RT-PCR data) were classified visually. AZ, abscission zone; NAZ, non-abscission zone.
Analysis of CTR1-like splice variants containing the miR1917 MBS in different plant species
Analysis of sequence databases using BLAST (Johnson et al., 2008) revealed that CTR genes from climacteric fruits, such as tomato, Vitis vinifera (grape), Musa acuminate (banana), Pyrus×bretschneideri (pear), and Malus domestica (apple), as well as non-climacteric fruits, including Cucumis sativus (cucumber), Capsicum annuum (pepper), Ziziphus jujube (Chinese date), and Citrus sinensis (orange), commonly undergo AS (Supplementary Table S4 ). Furthermore, multiple transcripts of CTR family genes generated from AS were also found in other Solanum species (S. tuberosum, S. pennellii), Populus euphratica (poplar), Tarenaya hassleriana (spider flower), and several field crops including Oryza sativa (rice), Gossypium hirsutum (cotton), and Glycine max (soybean).
Although Sly-miR1917 is annotated as a non-conserved plant miRNA, we hypothesized that its binding site might be conserved between species, and used TAPIR (Bonnet et al., 2010) to predict potential Sly-miR1917 targets. Of the putative CTR transcripts listed in Supplementary  Table S4 , a CTR1-like splice variant from S. tuberosum (XM_015309167.1) contained sequences complementary to the mature Sly-miR1917 sequence, with two mismatches at the 12th and 16th nucleotides, and a free energy ratio cutoff value of 0.83 ( Supplementary Fig. S5A ), which raised the question of whether a homologue of Sly-miR1917 exists in S. tuberosum. To test this hypothesis, total potato seedling RNA was reverse-transcribed with a Sly-miR1917 stem-loop primer, and a 56 bp PCR product was amplified. As shown in Supplementary Fig. S5B , a small RNA molecule, which shares high sequence homology with the sequence of mature Sly-miR1917, was obtained. These results suggest that the sequence of potato miR1917 is likely to be identical or closely related to that in tomato, and the miR1917 binding site may be conserved among solanaceous species.
Discussion
Sly-miR1917 participates in plant ethylene responses by modulating the expression of SlCTR4 splice variants CTR expression levels are induced during a range of physiological processes: MhCTR1 expression has been detected in banana peel, Prunus persica CTR1 and SlCTR1 expression in fruits is coincident with the onset of ripening (Begheldo et al., 2008; Hu et al., 2012; Leclercq et al., 2002) , and in cut Rosa hybrida and Delphinium flowers, RhCTR1 and DlCTR1 expression increases during postharvest storage and senescence (Kuroda et al., 2004; Müller et al., 2002) . Moreover, ectopic expression of CTR genes from tomato, cucumber, and rice, driven by the constitutive CaMV 35S promoter, rescued the phenotypes of A. thaliana ctr1-8 mutants (Adams-Phillips et al., 2004; Bie et al., 2014; Wang et al., 2013) , indicating the existence of a degree of functional conservation between species.
In rice, promotion of leaf senescence and coleoptile elongation, as well as exaggerated coleoptile curvature, were observed in both the osctr2 mutant and 35S::OsCTR2 transgenic lines . Similarly, in the present study we observed that Sly-miR1917 overexpressing lines had phenotypes indicative of a constitutive triple response in etiolated seedlings, and epinastic leaf petioles, as well as accelerated pedicel abscission and fruit maturation in adult plants (Fig. 2) . We conclude that ethylene signalling downstream of the SlCTR genes was altered during fruit ripening in the 1917-OE lines, since expression of EIN2, EIL3, EIL4, ERF1, and ERF2 was up-regulated (Fig. 3) . In addition, the 1917-OE lines showed a significant increase in ethylene production, which likely reflected the up-regulation of ACS2, ACS4, ACO1, and ACO3-genes that are involved in system-2 ethylene synthesis ( Van de Poel et al., 2012) (Fig. 3) . In tomato, the ethylene response factor ERF2 interacts with DRE/CRT elements in the ACO3 promoter (Zhang et al., 2009) , and the CarG box in the ACS4 promoter is directly targeted by the ripening-related transcription factor RIN (Fujisawa et al., 2013) . RIN can also indirectly regulate ACO1 expression via its target HB-1, which binds to a CAATA/TATTG sequence in the ACO1 promoter region (Lin et al., 2008b) . This, combined with the observation of Sly-miR1917-mediated tomato ethylene responses with or without ethylene in the 1917-OE lines, leads us to propose that altered ethylene responses in the 1917-OE lines is due to increased ethylene pathway signalling and consequent elevated ethylene production. This hypothesis is supported by the restoration of fruit ripening and pedicel abscission via VIGS silencing of EIN2 expression in the 1917-OE lines (Fig. 4) . Taken together with the previous observation of Sly-miR1917-directed cleavage of SlCTR4sv targets (Moxon et al., 2008) , these results lead us to propose that Sly-miR1917 participates in plant ethylene responses through modulation of the expression of SlCTR4sv targets, which act to regulate ethylene signalling. We note that our results suggest that overexpressing Sly-miR1917 did not alter whole-plant ethylene responses such as plant height and flower number; this observation may be due to tissue-specific expression and distinct functions during different developmental processes.
Besides SlCTR4sv transcription, Solyc06g059920.1.1a, which encodes sesquiterpene synthase 2, was also identified as a target of Sly-miR1917 using degradome data (Karlova et al., 2013) . However, to our knowledge, there is little relation between sesquiterpene synthase and ethylene signalling or biosynthesis. Hence, the significant change in ethylene production in the miR1917-OE lines is due to SlCTR4sv accumulation.
AS events increase the diversity of SlCTR4sv-derived transcripts
AS enriches transcriptome and proteome diversity in plants. Nearly half of all AS events produce NMD candidates due to the introduction of premature termination codons in coding regions (Wang and Brendel, 2006) , and >12% of identified MBSs are affected by AS (Meng et al., 2013; Vitulo et al., 2014; Yang et al., 2012) . In A. thaliana, miR156 targets members of the SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) family. SPL4 is known to undergo AS, but only one of the three splice variants contains an MBS for miR156 (Wu and Poethig, 2006) . These observations indicate that transcripts can gain or lose MBS as a consequence of AS events. In this study, the Sly-miR1917 MBS in the 3ʹ UTR of the three SlCTR4sv transcripts was identified as being generated by alternative 3ʹ splice sites compared with SlCTR4 mRNA. The premature translation termination codon in the SlCTR4sv1 mRNA makes it a potential target for NMD, while SlCTR4sv2 encodes the same isoform of the SlCTR4 protein as SlCTR4. The putative SlCTR4sv3 protein shares high sequence homology with SlCTR4 and contains conserved CTR family domains (Fig. 5A, B) .
We found that the three SlCTR4sv transcripts were expressed differently during flower pedicel abscission. While SlCTR4sv2 was relatively constitutively expressed, SlCTR4sv1 and SlCTR4sv3 displayed tissue-specific and time-dependent expression (Fig. 5C) . Notably, SlCTR4sv3 was the predominant SlCTR4 transcript at critical time points during abscission, and of the different SlCTR4sv transcripts, we observed a negative correlation with SlymiR1917 only forSlCTR4sv3 (Table 1) . Given this result and the spatiotemporal expression pattern revealed by in situ hybridization (Fig. 5D) , we propose that SlCTR4sv3 is a target of Sly-miR1917 and is involved in regulating pedicel abscission. This is further supported by the results of complementing the A. thaliana ctr-1 mutant ( Supplementary  Fig. S4 ) and the Y2H assay (Fig. 6B) , both of which suggest that SlCTR4sv3 functions in ethylene signalling.
Feedback regulation of miRNA expression by miRNA targets
We observed that Sly-miR1917 transcripts accumulated in a dose-dependent manner in miR1917-resistant plants (mSlCTR4sv3-OE lines) (Fig. 6G) . Previous studies suggest that miRNA targets exert feedback regulation on the expression of miRNAs. The DCL1 and AGO1 proteins are key components of miRNA biosynthesis and catalyse targeted mRNA cleavage or translation repression (Bartel, 2004) . Both miR162 and miR168 have been shown to control their own abundance and steady-state levels by targeting DCL1 and AGO1, respectively (Xian et al., 2014; Xie et al., 2003) . In another study, some of the core elements in the putative promoters of miRNA genes directly bound to, or were indirectly influenced by, miRNA targets, resulting in feedback regulation of miRNA expression. For example, miR160 targets three members of the Auxin Response Factor (ARF) family (ARF10, ARF16, and ARF17), whereas miR167 targets two members (ARF6 and ARF8), and the ARFbinding TGTCTC motif is present in a high proportion of the promoters of miR160 and miR167 (Megraw et al., 2006) . Furthermore, the expression levels of ARF8 and ARF17 negatively regulate their suppressors, miR167 and miR160, during A. thaliana adventitious rooting (Gutierrez et al., 2009) . Similarly, in rice, OsmiR160 targets the OsARF repressor OsARF18, resulting in decreased expression of OsmiR160 in mOsARF18-OE lines (Huang et al., 2016) . Moreover, some miRNA targets are involved in hormone signal transduction, and there have been reports of response elements for the corresponding hormones in the putative promoter regions of these miRNAs. Ath-miR159 controls gibberellic acid (GA)-and abscisic acid (ABA)-related development by repressing AtMYB mRNA, and the resulting change in GA and ABA signalling mediates the expression of Ath-miR159 (Achard et al., 2004; Reyes and Chua, 2007 ). In the current study, Sly-miR1917-targeted SlCTR4sv act as negative regulators of ethylene signalling. Cis-element analysis indicated that an ERF binding motif, CCGAC, is present in the potential Sly-miR1917 promoter, suggesting that SlCTR4sv targets may regulate Sly-miR1917 transcript levels indirectly via a feedback mechanism controlled by the ethylene signal.
A novel miRNA/AS-based mechanism for ethylene signalling
Some miRNA families target homologous genes in different species, and the functions of miRNA target modules can also be conserved. The highly conserved miR396 targets the mRNAs of GROWTH-REGULATING FACTOR (GRF) genes. In A. thaliana and tomato, members of the miR396 family repress leaf development by influencing cell proliferation (Debernardi et al., 2014) or cell expansion (Cao et al., 2016) .
The basic components of the ethylene signalling pathway are conserved in plants. In tomato, the complexity of this system appears to be compounded by the fact that there are multiple homologues of individual genes in the A. thaliana ethylene signalling network. Here, we identify an example of miRNA participation in ethylene signalling and propose a new miRNA/ AS-based molecular mechanism in the tomato ethylene signalling pathway. Furthermore, we report a homologue of Sly-miR1917 from S. tuberosum, and identify a splice variant of CTR-like as a potential Stu-miR1917 target; together, these findings suggest that a similar regulatory module may also exist in potato. Further research into the evolution of miR1917 and miR1917-guided cleavage of CTR genes in other Solanum species will clarify the significance of the evolutionary conservation of the miR1917/CTRs regulatory module, and may also provide an effective tool to alter ethylene responses in members of the Solanaceae, using miRNA technology.
Based on our results, it seems that the miR1917/CTRs regulatory module is unique to solanaceous plants. The potential miR1917 MBS was not identified in other plant species, implying that there might be other regulatory mechanisms, such as NMD, that affect CTR1 abundance and ethylene responses. A conserved role for miRNAs in the Solanaceae is also observed in NB-LRR/LRR immune receptor-encoded gene regulation and pathogen resistance; six additional 22-nt miRNA and two 21-nt miRNA families from three Solanaceae species (tobacco, tomato, and potato) may cleave transcripts of predicted functional R genes and trigger the production of phased secondary 21-nt siRNAs . It is reasonable to speculate that miRNAmediated target gene expression may have co-evolved alongside the copying of their target gene loci, and this may have contributed to the fitness of members of the Solanaceae associated with their evolutionary trajectories.
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